Glutamatergic deficits are established neuropathological features of Alzheimer's disease (AD) and are known to correlate with cognitive impairments. In contrast, the role of glutamatergic alterations in behavioral and psychological symptoms of dementia (BPSD) is unclear. There is considerable preclinical evidence for the importance of glycine recognition sites (GlyRS) of Nmethyl-D-aspartate (NMDA) receptors in the regulation of anxiety behaviors. This study aimed to correlate several glutamatergic measures with chronic anxiety in AD. 21 AD patients assessed by the Neuropsychiatric Inventory (NPI) were divided into low anxiety (LA) and high anxiety (HA) subgroups. GlyRS and NMDA channel were measured by brain homogenate binding with [ 3 H]MDL105,519 and [ 3 H] MK-801, respectively. Densities of NMDA receptor NR2A, NR2B and alternate spliced NR1 subunits were quantified by immunoblotting. We found that the binding affinity to GlyRS was significantly higher in HA compared to LA, and this higher GlyRS affinity correlated with selective reduction of NR2A density as well as with elevated anxiety scores. Our observations suggest a novel mechanism whereby subunit specific changes in the NMDA receptor complex may be linked to chronic anxiety in AD via effects on GlyRS function. We propose that NR2A and GlyRS should be further assessed as novel targets of behavioral pharmacotherapy in AD.
Introduction
Although Alzheimer's disease (AD) is defined by cognitive impairments, a salient clinical feature of the disease is the occurrence of non-cognitive, neuropsychiatric behaviors such as depression, agitation, psychosis and anxiety [18, 35] . These behavioral and psychological symptoms of dementia (BPSD) [23] cause significant distress to caregivers and are important factors leading to patient institutionalization [15] . Previous studies which investigated the neurochemical basis of BPSD in AD have focused on perturbations in the cholinergic, serotonergic and catecholaminergic systems [6, 26, 27, 31, 52, 60] . In contrast, there are few studies on the effects of glutamatergic changes on behavioral symptoms in AD.
Glutamate is the major excitatory neurotransmitter in the mammalian brain whose transmission is mediated by metabotropic as well as ionotropic glutamate receptors (iGluRs). Of the iGluRs, the N-methyl-D-aspartate (NMDA) receptors are critically involved in learning and behavioral processes [39, 44] , and are formed from heterotetrameric complexes of one obligatory NR1 subunit and at least one of the NR2A-D subunits [10, 17] . The resultant channel pores can be labeled by non-competitive NMDA antagonists such as dizocilpine (MK-801), which binds to sites within the pore and therefore is not displaced by agonist-site ligands [59] . In the neocortex, NR2A and NR2B are the predominant subunits expressed, while NR2C and NR2D are mainly localized in brainstem and cerebellar regions [50, 58] . Upon activation, NMDA receptors mediate calcium ion influx when the Mg 2+ block is released by membrane depolarization [32] . Interestingly, activation of NMDA receptors requires binding by both glutamate and a co-agonist, glycine [54] . The glycine recognition site (GlyRS) is localized to the NR1 subunit [16, 57] ; however, binding affinities of ligands for GlyRS seem partly determined by the type of NR2 subunits forming the functional NMDA receptor. For example, NR2B-containing receptors show higher affinity for glycine as well as the GlyRS antagonist (E)-3-(2-phenyl-2-carboxyethenyl)-4,6-dichloro-1 H-indole-2-carboxylic acid (MDL105,519) than NR2A-containing receptors [25, 28, 30, 41] , presumably due to subunit differences in steric effects [41] .
In contrast to the NR2 subunits, NR1 is normally expressed in excess in the endoplasmic reticulum, where it would be degraded if not assembled with NR2 subunits into functional NMDA receptors [20] . Furthermore, the NR1 gene can give rise to eight different isoforms by alternate splicing of one N-terminal (N1) and two C-terminal (C1 and C2) exons (61) . The type of NR1 isoform present determines cellular trafficking and surface expression of the receptor complex, as well as its interaction with cytoskeletal and scaffolding proteins. For example, the exclusion of the C2 exon generates a shorter C-terminus, C2', which contains a PDZ-interacting domain [49] . C2 to C2' switching leads to acceleration of NMDA receptor forward trafficking and increased cell surface expression [38, 49] .
The glutamatergic system is known to be profoundly affected in AD. Besides widespread losses of glutamatergic pyramidal neurons in the cortical mantle [13] , work done in our laboratory and others have also uncovered decreases in neocortical GlyRS binding and glycine mediated potentiation of NMDA channel opening, together with changes in NR1 and NR2 mRNA and protein expression [21, 22, 42, 43, 55] . Because glutamatergic dysfunction is implicated in failure of memory consolidation as well as in neuropsychiatric conditions such as schizophrenia and anxiety disorders [13, 40, 46] , it is reasonable to postulate that glutamatergic perturbations may underlie some of the clinical features of AD. Indeed, glutamatergic dysfunction, along with cholinergic deficits, strongly correlated with cognitive decline [12] . However, within the AD group, it is not known whether glutamatergic changes are related to BPSD. Preclinical and animal studies have suggested that GlyRS function is particularly relevant to anxiety-related behaviors, with agonists displaying anxiogenic properties, whilst antagonists are often anxiolytic [1, 2, 29, 45] . In humans, the orbitofrontal cortex is highly susceptible to AD pathology, and many non-cognitive behaviors are likely due to disruption of widespread cortical and subcortical neural systems that involve this region [56] . In order to test the hypothesis that alterations of glutamatergic neurochemistry underlie anxiety symptoms in AD, we measured NMDA GlyRS and open channel binding to radioligands, as well as protein levels of NR2A, NR2B, NR1, and two alternative spliced forms at the C2 exon of NR1, namely NR1 C2 and NR1 C2' , in the postmortem orbitofrontal cortex of a cohort of behaviorally assessed AD patients.
Materials and methods

Patients, clinical and neuropathologic assessments
The cohort of patients with a diagnosis of definite AD [33] from which subjects in this study were derived has been described previously [53] . In brief, subjects were recruited and assessed at the University of California, Los Angeles Alzheimer Disease Research Center (UCLA-ADRC) after approval by the UCLA Medical Institutional Review Board. Duration of dementia, severity of dementia (measured with the Mini-Mental State Examination [11] ), Activities of Daily Living (ADL) ratings [14] , drug histories and other clinical information were obtained from the UCLA-ADRC longitudinal study database and from patient charts. None of the subjects were on memantine medication. Behavioral symptoms in the subjects were assessed by the Neuropsychiatric Inventory (NPI, [8] ), a caregiver directed semistructured interview which scores each of ten behaviors on a 12-point scale based on both frequency (1 to 4) and severity (1 to 3) of behavioral change. Caregivers were interviewed by telephone, which had previously been established as a reliable means of obtaining NPI information [8] . Caregivers were asked to rate the subjects' behaviors both in the year prior to death (acute) as well as over the entire disease course (chronic). Scores for chronic, rather than acute, behaviors were considered to be of greatest relevance because the former are more likely to be reflective of long term, 'trait' changes, rather than arising from agonal states. Therefore, based on our a priori hypothesis, we selected from among the available subjects two patient subgroups with similar behavioral profiles (see Figure 1 ) except for chronic anxiety, which were then designated as the no-or low anxiety (LA, NPI chronic anxiety composite scores 0-1, n = 10) and high anxiety (HA, NPI chronic anxiety scores ≥ 2, n = 11) subgroups. At death, brains were removed from subjects with postmortem delays < 48 hours, and AD diagnoses were neuropathologically confirmed in all subjects using the Consortium to Establish a Registry for AD (CERAD) criteria (36) . Staging of the severity of AD neuropathology [5] was also performed.
Postmortem Tissue Processing
All chemicals and reagents were of analytical grade and were purchased from Sigma Aldrich Ltd. unless otherwise stated. After removal of brain, portions were fixed and used for neuropathologic assessments (see above) while gray matter from the orbitofrontal gyrus (Brodmann area 11) was dissected and fresh frozen at −75°C. When ready to process, the brain fragments were thawed on ice, dissected free of meninges, and homogenized with an UltraTurrax homogenizer (IKA Labortechnik, 15 s maximum setting) in Tris-HCl buffer (50 mM, pH 7.7) followed by two washes with Tris-HCl buffer to obtain crude brain homogenates (final concentration 50-100 mg tissue wet weight / ml) for subsequent neurochemical assays. Alternatively, tissues were homogenized in 10 mM sodium phosphate buffer, pH 7.4 containing 1.0 mM EDTA and protease inhibitors (Complete Mini, Roche Diagnostics) followed by diluting 1:1 and boiling in Laemmli sample buffer (Bio-Rad Laboratories) for immunoblotting experiments. Not all cases were available for all assays. Ci/mmol, both from Perkin Elmer Life Sciences USA), respectively. Aliquots of brain membrane homogenates were incubated in triplicates with six or seven concentrations of [ 3 H] MDL105,519 (0.5-20 nM) in a total volume of 0.5 mL HEPES buffer, pH 7.4 for 30 min at 4°C. 1 mM unlabelled glycine was added to parallel series of binding assays to define nonspecific binding. Incubation was terminated by vacuum filtration onto polyethyleniminetreated Whatman GF/B filters (Whatman plc) using a Skatron cell harvester (Molecular Diagnostics Inc.) followed by washing with ice-cold sodium phosphate buffer. Filters were then dried and punched into vials, and aliquots of scintillant (Optiphase HiSafe 2, Perkin Elmer Life Sciences) were added for measurement of bound radioactivity by liquid scintillation spectrophotometry using a Wallac beta counter. Assays for [ 3 H]MK-801 binding (0.5 -30 nM, 60 min at room temperature) were as above, except that brain homogenates were preincubated in 50 mM Tris-HCl buffer, pH 7.7 for 60 min at 30°C to facilitate degradation of endogenous glutamate. To ensure maximal stimulation and channel opening, [ 3 H]MK-801 binding was performed in 50 mM Tris-HCl buffer, pH 7.7, containing 250 µM spermine, 25 µM glycine, and 20 µM L-glutamate [37] . Nonspecific binding was determined by adding 10 µM unlabelled MK-801 maleate. Values of binding affinity (K D , in nM) and binding density (B max , in fmol/mg protein) were derived from binding data by Scatchard analyses followed by iterative curve-fitting [34] . Binding data fitted with one-site binding with Hill constants around 1.0. All neurochemical assays were performed blind to clinical information.
Radioligand Binding Assays
Immunoblotting
Primary antibodies used in this study were anti-NR1, anti-NR2B (rabbit polyclonals from Chemicon Inc.), anti-NR2A (mouse monoclonal from Chemicon Inc.), anti-NR1 C2 , anti-NR1 C2' (rabbit polyclonals from Upstate Biotechnology), and anti-β-actin (mouse monoclonal from Sigma-Aldrich Ltd.). Boiled brain homogenates in Laemmli sample buffer were electrophoretically separated on 7 or 10% polyacrylamide gels, transferred onto nitrocellulose membranes, and blocked in 10 mM phosphate buffered saline, pH 7.4, 0.1% Tween 20 (PBST) / 5% skim milk for 1 h before immunoblotting with primary antibody (1:1000 dilution, except β-actin at 1:5,000 dilution) in PBST / 1% milk overnight at 4°C or 3 h at room temperature. Following washings in PBST / 1% milk and incubation with horseradish peroxidase conjugated goat anti-rabbit or goat anti-mouse antibody (1:10,000, Jackson ImmunoResearch Inc.), immunoreactive bands on the membranes were visualized by enhanced chemiluminescence and quantified by image analyzer (UVItec Ltd.). Membranes were then stripped and reblotted with anti-β-actin to control for sample loading across lanes. One lane of external standard consisting of known amounts of protein from a single homogenate sample were loaded for each membrane for normalization of data. Normalized immunoblot optical densities are expressed in arbitrary units. Exposure times for chemiluminescence detection were adjusted to ensure none of the bands reached saturation.
Statistical analyses
All statistical analyses were performed using the SPSS 11.0 for Windows software (SPSS Inc.). Comparisons of demographic and neurochemical variables between LA and HA groups were performed by Student's t-tests, while immunoblot densities were compared by Mann-Whitney tests. Non-parametric tests were also used for comparisons and correlations involving immunoblot densities or NPI scores, because multiplication of the frequency (1 to 4) and severity (1 to 3) sub-scores precludes composite scores of 5, 7, 10 or 11, resulting in nonnormal distribution of NPI data. For all analyses, the null hypothesis was rejected at p < 0.05.
Results
Demographic, Disease and Neurochemical Variables in Chronic Anxiety Subgroups of AD
Demographic and disease factors including age, post-mortem interval, duration of dementia, predeath MMSE and ADL scores, as well as distribution of Braak staging appeared to be matched between the LA and HA groups (Table 1) , although there was a non-significant trend towards higher total NPI scores in the HA subgroup. Futhermore, except for the behavior under study (anxiety), the chronic NPI composite scores for the other nine behaviors were not significantly different between the LA and HA groups ( Figure 1A) Figure 2 shows that immunoblot densities of NMDA NR1 subunit (total and alternate spliced), and the NR1 C2 to NR1 C2' ratio were not significantly different between LA and HA subgroups ( Figure 2B ). NR1 C2 : NR1 C2' values also did not correlate with either chronic anxiety scores or with [ 3 H]MDL105,519 K D ( Figure 2C ). In contrast, immunoblot densities for NR2A subunit, as well as the NR2A to NR2B ratio, were significantly reduced in HA, while NR2B appeared unchanged ( Figure 3B ). Furthermore, NR2A : NR2B negatively correlated with chronic anxiety scores, and positively correlated with [ 3 H] MDL105,519 K D ( Figure 3C ). Similar results were also obtained when NR2A alone was correlated with chronic anxiety scores and [ 3 H]MDL105,519 K D (Spearman p < 0.05, data not shown). The current data for changes of NR2A : NR2B in anxiety subgroups indicate a selective reduction of NR2A subunits relative to NR2B, since non-selective losses of NMDA receptor populations would have resulted in decreases in both NR2 subunits, while NR2A:NR2B would remain unchanged.
Discussion
In the present study, we investigated the glutamatergic correlates of anxiety in AD by defining, from a relatively small but well-characterized cohort, two patient subgroups with similar demographic and disease indices (see Table 1 ) as well as similar behavioral profiles except for anxiety (see Figure 1A ). This helped avoid potential confounding from co-morbid behaviors or from unexpected effects of demographic and disease variables on neurochemical measures. We then compared several glutamatergic markers in the orbitofrontal cortex of the anxiety subgroups, and report here that relative to the low anxiety (LA) subgroup, the high anxiety (HA) subgroup showed higher affinity of binding [ C2 , NR1 C2' , NR2A and NR2B), only NR2A densities were reduced in the HA subgroup compared with LA subgroup. This selective decrease in NR2A (expressed as NR2A:NR2B) also correlated with increased anxiety scores as well as increased binding affinity for MDL105,519. Given that MDL105,519 shows higher affinity for NR1/NR2B than for NR1/NR2A receptors [30] , apparent GlyRS affinity may increase with proportional down-regulation of lower affinity, NR2A-containing receptor pools, and this change in affinity may in turn underlie anxiety in AD.
Our findings suggest a neurochemical basis for the development of anxiety in AD, and raise several issues which merit further discussion. It is interesting to speculate on the possible pathogenic mechanisms underlying anxiety symptoms in patients with altered GlyRS. Although we did not examine the properties of GlyRS binding to the endogenous agonist glycine in the AD subjects, there is evidence that both glycine and MDL105,519 show higher affinity for NR1/NR2B compared with NR1/NR2A [25, 28, 30, 41] . Therefore, the increased GlyRS binding affinities in these subjects, putatively as a result of NR2A loss, may lead to GlyRS hypersensitivity to endogenous levels of amino acid agonists. Higher GlyRS affinities may also reduce the glycine-sensitive desensitization of NMDA receptors normally observed after receptor activation by glutamate and glycine [54] . Both of these processes may lead to GlyRS hyperfunction and resultant anxiogenic effects. However, assessment of the validity of our postulate requires further consideration of whether GlyRS are normally saturated. Previous studies have reported increased or unchanged levels of glycine in AD brain homogenates [19, 47] , but glycine concentrations in the synaptic clefts are not known. Adding to the complexity of this question is the unclear status of synaptic glycine transporters which tightly regulate extracellular glycine [48] . Importantly, our postulate would imply that GlyRS antagonists may be efficacious for the treatment of anxiety in some AD patients. However, more work is needed in the development of compounds with suitable pharmacological profiles so that anxiolysis can be achieved without worsening NMDA receptor function or memory impairment [7, 9] .
Studies which have investigated changes of individual NR subunits in AD compared to controls often reported concomitant reductions of NR1, NR2A and NR2B subunits which correlated with loss of synaptic proteins [3, 21, 51] , indicative of non-specific ablation of NMDA receptors through neuronal degeneration. In contrast, mechanisms underlying a further, NR2A-selective reduction in the high-anxiety AD subgroup as reported here are unclear. The lower NR2A did not seem to affect densities of total NMDA receptors (as labeled by the non-NR2A/2B selective open channel ligand, [ 3 H]MK-801 [28] ), which suggests higher proportions of NR2B or other subunits being assembled with NR1 into functional receptors. However, there is at present no evidence for the existence of such compensatory processes. Other possible mechanisms for NR2A changes in HA patients meriting further investigation include degeneration of NR2A-containing neuronal populations, genetic factors (e.g., functional polymorphisms of NR2A gene promoter, GRIN2A [24] ) as well as altered phosphorylation status [51] . It is worth noting that our postmortem results seem to contradict recent work showing anxiolytic and antidepressantlike effects in NR2A knockout mice [4] . However, the GlyRS binding status in the knockout mice are unknown, and it is also unclear whether compensatory plasticity in the expression of other NR2 subunits occur in these animals. Furthermore, a complete absence of NR2A in the knockout animals may have pleiotropic behavioral effects which potentially interact, e.g., antidepressant and anxiolysis behaviors [4] ; whereas in our study, reduced orbitofrontal NR2A densities and [ 3 H]MDL105,519 binding did not correlate with depression or other behavioral scores except anxiety (Spearman p > 0.05, data not shown). Nevertheless, one limitation of this and other correlational studies is the inability to prove causation. Therefore, even though the postulate of NR2A reductions leading to GlyRS changes and anxiety is biologically plausible, one cannot exclude the possibility that the observations of NR2A and GlyRS changes are in response to neurochemical changes in other transmitter systems which also give rise to anxiety. Furthermore, because immunoblotting is unable to distinguish between surface expressed and cytoplasmic pools of NR2A, the functional significance of NR2A losses need to be further clarified.
In contrast to the NR2A, we did not find significant differences in total NR1, NR1 C2 and NR1 C2' expression (p values of 0.11, 0.93, 0.39, respectively) between the anxiety subgroups. There also did not seem to be significant switching of C2 / C2' (expressed by NR1 C2 :NR1 C2' , p = 0.45), suggesting that NR1 does not play a significant role in anxiogenesis in AD. However, the correlation between NR1 C2 :NR1 C2' and [ 3 H]MDL105,519 K D approached significance (p = 0.054, see Figure 2C ), and further cell or animal based studies may be worthwhile to investigate the possible effects of NR1 gene splicing on GlyRS binding properties.
To conclude, a large number of studies suggest that BPSD in AD arise from multiple independent or interacting neurochemical mechanisms involving perturbations of cholinergic, serotonergic, and several other transmitter systems in the neocortex, but to date there is little data on the possible pathogenic role of glutamatergic changes in these behaviors. Based on the observed correlations of neurochemical measures with behavioral data in a cohort of behaviorally assessed AD patients, we now propose a novel mechanism whereby specific down-regulation of NMDA receptor NR2A subunit may alter the ligand binding properties of GlyRS, leading to increased receptor activation and possibly becoming anxiogenic. Our findings point to NR2A and GlyRS as potential targets of anxiolysis treatment in AD. However, more preclinical work is needed to elucidate the mechanisms of NR2A changes as well as how increased GlyRS activation leads to anxiety symptoms. Further studies on the efficacy and safety of using GlyRS or NMDA receptor subunit-specific ligands in AD behavioral pharmacotherapy are also needed. a Maximum number of cases.
* Significantly different from LA, p < 0.05 (Student's t-test).
